INTRODUCTION
Taste, or contact chemosensation, refers to the detection of chemicals through direct contact with a solid or liquid substrate. Insects rely on taste to detect a remarkable diversity of compounds, thus allowing them to evaluate potential nutrients, toxins, egg-laying sites, mates, pathogens, prey, and predators (Blum, 1996; Liman et al., 2014) . The far-ranging roles of taste in insect ecology raise possibilities for translating new understanding of taste into new means of controlling insect agricultural pests and vectors of disease (van der Goes van Naters and Carlson, 2006) .
The fruit fly Drosophila melanogaster contains taste neurons in its mouthparts, legs, pharynx, and wings (Stocker, 1994) . These neurons are found in sensilla, which are cuticular compartments with a single pore for tastants to enter. Physiological recordings from taste sensilla in Drosophila and other insects have revealed responses of taste neurons to sugars, salts, bitter compounds, water, and a large diversity of other tastants (Liman et al., 2014) .
Much remains to be learned about the molecular underpinnings of these taste responses. A variety of candidate receptors have been identified in taste neurons, ranging from gustatory receptors (Grs) and pickpocket/degenerin-epithelial sodium channels (Ppk/DEG-ENaCs) to transient receptor potential (Trp) channels (Liman et al., 2014; Lu et al., 2012; Thistle et al., 2012; Toda et al., 2012) . More recently, a few members of the ionotropic receptor (IR) superfamily-which was initially found by virtue of expression in olfactory neurons-were found to be expressed in taste neurons (Benton et al., 2009; Croset et al., 2010; Zhang et al., 2013) . Nonetheless, receptors of these diverse classes have been mapped to only a fraction of taste neurons in the fly. There remain many taste neurons to which no known taste receptors have been assigned and which can be considered orphan taste neurons.
Here, we show that a virtually unexamined clade of 35 genes within the IR superfamily in D. melanogaster is expressed in taste neurons. We examine their expression by analyzing GAL4 drivers representing nearly all members of the clade. Collectively, they are expressed in almost all taste sensilla of the fly. Two of these genes, IR52c and IR52d, are coexpressed in sensilla of the male foreleg, which makes contact with females during sexual behavior. These genes are expressed in sexually dimorphic taste neurons in which no other known taste receptors are expressed. The genes show signatures of adaptive evolution, and genetic analysis reveals roles in male sexual behavior. The neurons in which they are expressed are activated by exposure to D. melanogaster females but not to females of a sibling species or to males. These neurons send projections to the central nervous system (CNS) that form potential synaptic contacts with fruitless + neurons, which act in sexual behavior. Taken together, this work substantially expands the inventory of candidate taste receptors in Drosophila. It also identifies receptors and neurons likely to act in the detection of mating partners in the fly.
RESULTS

A Large Clade of Candidate Chemoreceptors Expressed in Taste Organs
In an in silico screen for novel chemoreceptors in D. melanogaster, a screen that yielded Odorant receptor (Or) and Gustatory receptor (Gr) genes (Clyne et al., 1999 (Clyne et al., , 2000 , we also identified another candidate chemoreceptor gene that belonged to a group of 35 related genes. Initial RT-PCR experiments with several of these genes suggested they were expressed in taste neurons: transcripts were detected in the proboscis and legs, which are taste organs, but were absent in Poxn 70 mutants that lack taste neurons (Figure S1A available online). We initiated a systematic analysis of the expression of nearly all of the 35 genes by constructing GAL4 transcriptional reporters for them, and we detected their expression in taste neurons as detailed later. During this analysis, others identified a superfamily of 60 genes designated Ionotropic Receptor genes (IRs) because of their distant homology to ionotropic glutamate receptor genes (iGluRs); 17 of the genes were expressed in the antenna, an olfactory organ (Benton et al., 2009; Croset et al., 2010) . Since the 35 genes that we identified form a previously uncharacterized clade within the IR superfamily, we refer to them here as the IR20a clade, after the member with the numerically lowest cytological position ( Figure 1A ). The IR20a clade genes are more distantly related to iGluRs than the rest of the IR superfamily ( Figure 1A ). Of 35 IR20a clade genes, seven contain premature stop codons or deletions and may be pseudogenes. The remaining 28 genes encode proteins with three predicted transmembrane domains, as do other IRs and iGluRs. Predicted proteins of the IR20a clade are highly divergent: their mean sequence identity is 16.3% ± 0.3%, consistent with the high levels of divergence observed in chemoreceptor families (Croset et al., 2010) . Comparison of members of the IR20a clade with the IRs expressed in the antenna and the remaining IRs suggests that each of the three groups of IRs harbor sequence motifs that are unique to each group, mainly within the predicted ligand-binding domains ( Figure S1B ) (Benton et al., 2009 ). These sequence relationships are consistent with the possibility that IRs of different clades bind different classes of ligands.
In our systematic GAL4 expression analysis, we examined 30 of the genes: all 28 genes encoding presumptive full-length proteins and 2 putative pseudogenes (Table S1 ). To maximize the fidelity of these transcriptional reporters, we fused both the 5 0 and 3 0 flanking regions of the IR20a genes to the 5 0 and 3 0 ends of GAL4, respectively, in most cases (the average construct size, excluding GAL4 sequences, was 8.3 ± 0.6 kb). Using these GAL4 constructs to drive GFP expression, we examined expression in the labellum, legs, pharynx, and anterior wing margin, regions that contain numerous taste sensilla ( Figure 1B) .
The mouthparts of the fly include two labellar lobes, whose lateral and medial surfaces contain taste bristles and taste pegs, respectively (Falk et al., 1976) . GAL4 drivers representing five of the genes, IR47a, IR56a, IR56b, IR56d, and IR94e, show expression in the labellar bristles, and IR56d-GAL4 is also expressed in taste pegs ( Figures 1C-1H ). Labellar bristles have stereotyped positions and electrophysiological response profiles toward tastants ( Figure S2A ) (Weiss et al., 2011) , and we identified the sensilla expressing these GAL4 drivers. The five drivers are expressed in different subsets of sensilla ( Figure S2B ). IR56a-GAL4 was distinguished from the other drivers in that it is expressed in sensilla that contain bitter neurons but is excluded from L-type sensilla, which do not. We therefore carried out a double-label experiment with Gr66a-RFP, a marker of bitter neurons in the labellum. We found that IR56a-GAL4 is, in fact, expressed in a subset of Gr66a-RFP + cells ( Figures 1I-1K ). By contrast, many labellar neurons that express IR56b-GAL4 and IR56d-GAL4 also express Gr5a-LexA, a marker of sugar neurons ( Figures 1L-1N and S2C-S2E). These data suggest that IR56a functions in bitter neurons and that IR56b and IR56d function in sugar neurons; one possibility is that they detect or modulate the detection of aversive and attractive compounds, respectively.
Legs contain taste sensilla on the tibia and, distal to it, on five tarsal segments. GAL4 drivers representing 10 of the genes are expressed in subsets of these leg sensilla. Two drivers, IR52a-GAL4 and IR56d-GAL4, are expressed in sensilla of both tibia and tarsal segments, while eight are expressed exclusively in tarsi (Figures 2A-2K) . We mapped the IR20a clade genes to specific sensilla on the tarsal segments and found that seven of the 10 are expressed in sensilla that respond to food components such as sugars, salts, and bitter compounds (Figure 2A ; Figures S2F and S2G) (Ling et al., 2014) . Accordingly, these sensilla (2b, 3b, 4 s, 5v/s and 5b) also express Gr genes that are associated with the detection of both sugars and bitter compounds (Ling et al., 2014) . These six sensilla are largely ventrally oriented and likely make contact with underlying food sources.
It is intriguing that GAL4 drivers representing IR52a, IR52c, IR52d, and IR56d are expressed in leg sensilla that have been found neither to respond to food components nor to express Gr genes (Ling et al., 2014) . Most of these sensilla are dorsally oriented and are less likely to make contact with food sources. Among these genes, IR52c and IR52d are expressed in forelegs but not midlegs or hindlegs, whereas IR52a is expressed in all legs, as indicated by both GAL4 and RT-PCR analysis (Figures S2G and S2K) . The restriction of expression to forelegs is of special interest because male forelegs play a role in courtship behavior toward females and in the prevention of courtship behavior toward other species (Cook, 1977; Fan et al., 2013) .
The pharynx contains taste sensilla that are likely to detect compounds in partially digested food (Miller, 1950) . We found expression of eight GAL4 drivers in the pharynx (Figures 2L-2U): Six are expressed in the labral sense organ (LSO; Figures 1B and 2L-2Q), and four are expressed in the ventral cibarial sense organ (VCSO; . Of the eight pharyngeal drivers, five are expressed in the pharynx but not in other taste tissues examined ( Figure 2X ). The expression of some of these drivers is strikingly sparse: IR60b-, IR67c-, IR94a-, and IR94f-GAL4 each labeled only two neurons in the entire fly, both pharyngeal neurons; while such sparse expression suggests specialized functions (Joseph and Heberlein, 2012) , we acknowledge the possibility of expression in other cells at levels below our detection limits.
The anterior wing margin contains curved taste bristles whose response profiles have received little attention and whose behavioral role has been enigmatic (Stocker, 1994) . We found expression of IR52a-GAL4 in many of these taste sensilla (Figures 2V and 2W) . The expression was observed in neurons that extend dendrites into these bristles, as is characteristic of taste neurons but not mechanosensory neurons. Some neurons of the wing margin have been found previously to express pickpocket25 (ppk25), a DEG/ENaC channel. Double-label analysis showed that ppk25-GAL4 and IR52a-LEXA are expressed in distinct populations of cells on the wing margin, suggesting that IR52a is expressed in orphan neurons of the wing ( Figures  S2L-S2N ).
Finally, a driver representing IR20a is expressed in multidendritic neurons of the abdominal wall, in addition to its expression (Silbering et al., 2011) . Brown branches indicate IRs that have been found to be expressed only in taste sensilla; dashed brown branches indicate IRs expressed in both taste and olfactory sensilla (Croset et al., 2010; Zhang et al., 2013) . The remaining IRs are represented in light gray. The alignment includes 33 IR20a clade members; IR56e and IR60f were omitted because they are short truncated polypeptides. (B) Taste sensilla (dark blue) distributed in the pharynx (VCSO and LSO), labellum, leg, and anterior wing margin. In addition, a typical taste sensillum is shown here with four different types of taste neurons (support cells are omitted for simplicity). Adapted from elsewhere (Dahanukar et al., 2007; Yarmolinsky et al., 2009) Table S1. in legs and the pharynx ( Figure S2O ). Several Gr-GAL4 drivers have been shown to be expressed in similar neurons, although no taste function has been ascribed to them (Park and Kwon, 2011) .
In summary, we have provided evidence that 16 members of the IR20a clade are expressed in adult taste sensilla: five in labellar sensilla, ten in leg sensilla, eight in pharyngeal sensilla, and one in wing sensilla ( Figure 2X ). While we have verified the expression of several IRs with RT-PCR (Figure S1A) , we have been unable to detect them by in situ hybridization, presumably because their expression levels are below our detection threshold (data not shown; see also Benton et al., 2009) . Drivers of many of these genes are expressed in multiple organs, while other drivers are expressed sparsely in a single organ. Some taste sensilla express multiple IR-GAL4 drivers, and some express drivers of both IR and Gr genes. IR52a, IR52c, IR52d, and IR56d are expressed in leg sensilla that neither respond to food-related tastants nor express Gr genes.
IR20a-Clade-Expressing Neurons Send Axons to Taste Centers in the CNS
We next asked whether the IR-GAL4-expressing cells send projections into taste centers in the CNS. Projections of taste neurons in the CNS depend on the location of the tissue from which they originate and the taste quality that they subserve, e.g., bitter or sweet ( Figures 3A and 3B ) (Boll and Noll, 2002; Inoshita and Tanimura, 2006; Wang et al., 2004) . Taste neurons from the labellum and pharynx send axons to the subesophageal ganglion (SOG) ( Figure 3B ). Taste neurons from the legs and wing margin project to specific thoracic ganglia in the ventral nerve cord ( Figure 3A) . A subset of taste neurons in the legs also sends axon terminals to the posterior SOG after passing through the thoracic ganglia ( Figure 3B ).
All five GAL4 constructs that label the labellum label projections in the SOG, supporting the conclusion that they are expressed in neurons. Of the IR-GAL4 drivers that are expressed in the labellum, one, IR56a-GAL4, labels projections in the central region of the SOG with the terminals concentrated at the midline, as observed for bitter taste neurons ( Figures 3B and  3C ). The projection patterns of IR47a-, IR56b-, IR56d-, and IR94e-GAL4 resemble those of sugar neurons: they are concentrated in the regions flanking the midline, with little or no midline crossing ( Figures 3B and 3D-3G ). The projection patterns of neurons labeled by IR56a-GAL4 and IR56b-GAL4 are consistent with their coexpression with markers of bitterand sugar-sensing Gr drivers, respectively, in the periphery ( Figures 1I-1N ).
IR56d-GAL4 labels two distinct types of axon terminals in the SOG, visible in different focal planes (Figures 3G and 3H) . One type, in the central region (arrows), likely represents projections from labellar bristles, while the other type, in the lateralanterior region, likely represents projections from pegs (Inoshita and Tanimura, 2006) . These patterns are consistent with the expression of IR56d-GAL4 in the periphery (Figures 1F and 1G) . The projections in the central region resemble those of sugar-sensing labellar neurons, which is consistent with the colabeling of labellar neurons by drivers of IR56d and Gr5a, a sugar-sensing Gr (Figures S2C-S2E ; for projections of IR47a-GAL4 and IR94e-GAL4, see Figures S2H-S2J) (Dahanukar et al., 2001) .
Drivers expressed in the pharynx-representing IR60b, IR67c, IR94a, IR94c, IR94f, and IR94h -label projections in the dorsoanterior SOG ( Figures 3I-3N ). The projections of the IR60b and IR94f drivers differ from the others in that they showed no projections toward the midline.
The drivers expressed in the legs label projections in the thoracic ganglia. Moreover, the map of expression in forelegs, midlegs, and hindlegs ( Figure S2G ) matches the map of projections in the prothoracic, mesothoracic, and metathoracic ganglia, respectively ( Figures 3O-3X ). Some leg projections pass through the thoracic ganglia to extend to the SOG (IR20a-, IR47a-, IR62a-, and IR94h-GAL4; Figures 3O-3R ), while others appear to terminate in the thoracic ganglia without projecting to the SOG (IR52a-, IR52c-, IR52d-, IR56b-, and IR56d-GAL4) ( Figures 3S-3W ). These two categories of leg projection patterns seem likely to represent distinct neural circuits, although we acknowledge that it is possible to miss faintly labeled leg projections into the SOG among the latter group of drivers. None of the drivers label axon projections in the antennal lobe, where olfactory receptor neurons (ORNs) terminate, indicating that none of them are expressed in ORNs. In summary, the labeling of axons in taste centers of the CNS by these IR-GAL4 drivers matches well with their peripheral expression patterns and supports their expression in taste neurons (Figures 2X and 3X) .
Sexual Dimorphism and Structural Differences among Axonal Projections
Sexual dimorphisms were found for some taste axons projecting from the forelegs, which act in male courtship behavior (Figures 4A and 4B) . Two kinds of sexual dimorphism were observed in the prothoracic ganglia. First, axons labeled by IR52a-GAL4 cross the midline in a commissure in males but not in females ( Figure 4A ). Second, green fluorescent protein (GFP) labeling is stronger in males than in females in axons labeled by 4B, and 4D) . It is interesting that IR52a, c, and d are closely related in sequence and are arranged in a tandem cluster along with IR52b in the D. melanogaster reference genome ( Figure 4E ). We did not observe expression with an IR52b-GAL4 driver and thus focused on the other three genes. In contrast to IR52a-and IR52c-GAL4 drivers, no sexual dimorphism was observed in five other drivers that send projections to the prothoracic ganglion ( Figures 4F-4J ).
Axons labeled by drivers of IR52a, c, and d have varicosities, likely representing neuronal synapses, distributed in a C-shaped pattern in the prothoracic ganglia ( Figures 4A-4C ). In contrast, axons labeled by other foreleg-expressing GAL4 drivers either have varicosities in a different spatial pattern (IR47a, IR56b; Fig (A) Spatially stereotyped taste sensilla on the female foreleg and the drivers expressed in them. Blue sensilla respond to food-related tastants, such as sugars, salt, and bitter compounds; red sensilla do not (Ling et al., 2014; Meunier et al., 2000) . Sensillum 4b is not colored due to variation in its response to sugars. Sensilla 5v and 5s are morphologically similar and adjacent to each other; as the present analysis does not provide sufficient resolution to distinguish these two sensilla, we have assigned the drivers expressed in either one to ''5v/s.'' Male forelegs contain additional sensilla close to 1a-d, 2a, 3a, and 4b. Midlegs and hindlegs are sexually monomorphic.
(legend continued on next page)
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A Clade of Candidate Taste and Pheromone Receptors
Sexually Dimorphic Expression of the IR52 Cluster in Legs The sexual dimorphism in CNS projections labeled by IR52a-and IR52c-GAL4 prompted us to ask whether expression is sexually dimorphic in forelegs. We found that IR52a-GAL4 is expressed in comparable numbers of cells in males and females in the tibia and in most tarsal segments, although somewhat more cells were labeled in the second and fourth tarsal segments of males than females ( Figure 4K ). However, IR52c-and IR52d-GAL4 were expressed in many more cells in the male foreleg than in the female foreleg ( Figures 4L and 4M) . Thus, the sexual dimorphism in intensity of labeling of axon terminals by IR52a-and IR52c-GAL4 is consistent with the labeling patterns in the periphery.
We then raised an antibody against a peptide specific for IR52c and performed quantitative RT-PCR. The antibody labeled cells in the forelegs of 5-day-old males but not 5-day-old females ( Figures 4N and 4O ). Labeling was observed only in females that were >10 days old, and in these older females, staining was weak and sporadic (data not shown). The specificity of the antibody was confirmed in tests with a mutant containing a transposon in the IR52c open reading frame (ORF); the mutant leg did not show labeling ( Figure 4P ). We also confirmed the fidelity of the IR52c-GAL4 driver by showing colabeling of neurons in male forelegs by the driver and the anti-IR52c antibody ( Figures  S3A-S3C) . Consistent with the anti-IR52c antibody staining, quantitative RT-PCR revealed a corresponding sexual dimorphism in messenger RNA transcript levels in the forelegs (Figure S3D) . IR52c transcripts could not be detected in midlegs, hindlegs, head, thorax, or abdomen ( Figures S2K and S3E ). Similarly, the male genitalia did not show labeling with IR52c-GAL4 ( Figure S3E, inset) . Therefore, within the limits of our detection methods, IR52c expression is only detected in the forelegs. The male-biased expression of IR52c occurs at the levels of transcript and protein abundance, in addition to the number of cells expressing this gene.
Expression of the IR52 Cluster in Male Sensilla that Are Likely to Contact Females
We next compared the expression of IR52a-GAL4, IR52c, and IR52d-GAL4 to each other and to other molecular markers in male forelegs. First, we asked whether they are coexpressed. Since the ORFs of IR52a-d fall within a tight cluster of 11 kb with short intergenic regions, it seemed plausible that they shared some common transcriptional enhancers. Double labeling with anti-IR52c antibody and IR52d-GAL4 revealed complete, or nearly complete, coexpression in the forelegs ( Figures  S3F-S3H ), the only legs in which they are expressed. AntiIR52c and IR52a-GAL4 revealed substantial, although not complete, coexpression in dorsal sensilla of forelegs ( Figures  S3I-S3K) ; moreover, instead of being restricted to forelegs, IR52a drivers are expressed in dorsal sensilla of all legs, and a small fraction of cells expressing IR52a drivers are in ventral sensilla that do not express IR52c (Figure 2A ).
Two broadly expressed IR genes that are not members of the IR20a clade, IR25a and IR76b, have been previously detected in taste organs (Croset et al., 2010; Zhang et al., 2013) . We found that anti-IR52c stains cells that are labeled by drivers of IR25a and IR76b (Figures S3L-S3Q ). The coexpression of IR52c with drivers of IR52a and IR52d, and of IR25a and IR76b, raises the possibility of heteromultimerization of IR20a clade members, reminiscent of antennal IRs which form heteromeric odor receptor complexes with IR25a and IR76b .
As noted earlier, IR52a-, IR52c-, and IR52d-GAL4 expression is observed in foreleg sensilla that have a different orientation ( Figure 2A , red sensilla) than those shown to respond to foodrelated tastants ( Figure 2A , blue sensilla). Double-label experiments confirmed that IR52c is not expressed in the same sensilla as a marker of bitter-sensing neurons, Gr33a-GAL4, or a marker of sugar-sensing neurons, Gr64f-GAL4 (Dahanukar et al., 2007; Moon et al., 2009) (Figures 5A-5F ). Given that IR52c and IR52d-GAL4 are coexpressed, the latter is most likely not expressed in food-sensing neurons.
A distinction between IR52a-expressing neurons and bitter or sugar neurons was clear in the CNS; we constructed an IR52a-LEXA fusion and found that neurons that express it send projections that do not overlap with those of bitter neurons expressing Gr33a-GAL4 ( Figure 5G ) or of sugar neurons expressing Gr64f-GAL4 ( Figure 5H ). The lack of overlap suggests that IR52a-expressing neurons form synapses with different higher order neurons than do bitter or sugar neurons and activate different circuits.
The sexually dimorphic expression of IR52a-GAL4, IR52c, and IR52d-GAL4, along with their expression in sensilla that do not respond to typical food tastants, suggested the possibility of a role for the genes in mating behavior. The transcription factor encoded by fruitless (fru) has previously been shown to be expressed in foreleg taste neurons associated with male sexual behavior (Toda et al., 2012) . Notably, we found that IR52c-GAL4 neurons and fru-LEXA neurons are mutually exclusive (Figures 6A and 6B) . In some cases, IR52c-GAL4 and fru-LEXA label adjacent neurons that innervate the same sensilla. Consistent with the aforementioned results, cells labeled by anti-IR52c, IR52a-LEXA, or IR52c-Gal4 are adjacent to, but distinct from, those labeled by GAL4 drivers of ppk23 or ppk25, ion channel genes expressed in subsets of fru + taste neurons ( Figures 6C-6H ) (Lu et al., 2012; Starostina et al., 2012; Thistle et al., 2012; Toda et al., 2012) . In addition, IR52c + neurons are distinct from those labeled by a GAL4 driver of Gr32a, which is required for the inhibition of male-male and interspecies courtship ( Figures  S3R-S3T ) (Fan et al., 2013; Miyamoto and Amrein, 2008) . Given Figures S3U-S3W ). Taken together, the simplest interpretation of our results is that IR52c + neurons represent a distinct class of sexually dimorphic taste neurons in the leg. We captured high-speed video recordings of mating behavior to determine whether sensilla on the male forelegs expressing IR52a-GAL4, IR52c, and IR52d-GAL4 are likely to make contact with females. In all 13 pairs of flies examined, the males contacted the female cuticle with the dorsal surface of the forelegs during courtship ( Figure 6I ; Movie S1) (Cook, 1977) . Male foreleg sensilla expressing IR52a, IR52c, and IR52d are thus well positioned to contact the female during mating behavior.
We note, finally, that there is a high density of sensilla expressing GAL4 drivers of IR52a, IR52c, and IR52d in close proximity to the sex comb, which is on the dorsal aspect of tarsal segment T1 of the male foreleg ( Figure 6J ; data not shown). The sex comb is used by the male to grasp regions near the female genitalia during copulation attempts (Cook, 1977) . Thus, during mating behavior, IR52c + sensilla are likely to come in contact with regions of the female near the genitalia in addition to other regions.
IR52c and IR52d Show Signatures of Adaptive Evolution
As sex-related genes have been proposed to evolve more rapidly than other genes (Civetta and Singh, 1998) , we asked whether sexually dimorphic IRs show interesting evolutionary signatures by examining a genome-wide comparison between D. melanogaster and a sibling species. A database of polymorphisms within a natural population of D. melanogaster (Mackay et al., 2012) has recently made it possible, in principle, to distinguish adaptive evolution from neutral variation by comparing variation within D. melanogaster to the divergence between D. melanogaster and D. simulans, using the McDonald-Kreitman test (Stoletzki and Eyre-Walker, 2011) . It is interesting that IR52c and IR52d, along with two other IR20a clade genes, show signatures of adaptive evolution: they exhibit a statistically significant, positive direction of selection (DoS) value, reminiscent of genes involved in reproductive isolation between Drosophila species, such as Lhr and OdsH (Figure 6K) (Brideau et al., 2006; Rà mia et al., 2012; Ting et al., 1998) . Moreover, the coexpression of IR52c and IR52d in sexually dimorphic foreleg sensilla suggests the possibility of coevolution of the two genes.
The IR20a clade overall appears to be evolving rapidly: 12 of its members lie in four gene clusters that underwent expansions and contractions in gene number during the evolution of Drosophila species (Croset et al., 2010) . IR52c and IR52d lie in one of these dynamic clusters.
Roles for IR52c and IR52d in Male Sexual Behavior
The high DoS values of IR52c and IR52d, coupled with their male-biased patterns of expression, prompted us to ask whether these two genes act in male sexual behavior. We generated Dcd, a deletion mutant in which the ORFs of IR52c and IR52d are disrupted while the rest of the IR52 cluster is left intact (Figures S4A and S4B ). To minimize genetic background effects, we placed the double mutant chromosome in a transheterozygous combination with a small deficiency, Df(2R)IR52a-d removing the entire IR52 cluster (Dcd/Df), and compared mutant and control genotypes in an outbred background (Supplemental Experimental Procedures; Figure S4A ).
In D. melanogaster, copulation is preceded by an elaborate courtship ritual. The male fly detects the female fly in part through taste sensilla on his foreleg and labellum and then produces a courtship song by unilateral wing vibrations (Cook, 1977; Fan et al., 2013; Greenspan and Ferveur, 2000; Thistle et al., 2012) . Various aspects of courtship behavior are thought to act cumulatively in back-and-forth exchanges of signals between two flies before culminating in copulation.
To analyze courtship behavior, we developed and validated FlyVoyeur, an automated tracking algorithm that allows convenient quantitation of a variety of parameters of fly behavior, including rapid wing movements that are difficult to score manually (see Supplemental Experimental Procedures).
Dcd/Df males showed a prolongation of the time taken to achieve successful copulation (i.e., copulation latency; Figure 7A ). For example, the t 1/2 of copulation-the time at which half the males had begun copulating-was 4 min for the mutant but only 2 min for the control in our experimental paradigm. To test the possibility that the phenotype was due to a mutation at another site, we introduced into Dcd/Df males either of two constructs containing 13.9 kb of genomic DNA. One construct Mean expression levels of IR52d-GAL4 were higher in males as well; however, the levels were relatively weak, the signal-tonoise ratios were lower, and the variance was higher. **p < 0.01 (one-way ANOVA); n = 7-8. (E) Phylogenetic tree of IRs and iGluRs highlighting position of the IR52 cluster, which includes IR52a, IR52c, and IR52d (bright red). The remainder of the IR20a clade is in pink. Scale bar in (A) represents 20 mm in all panels, except (P), for which its scale bar represents 5 mm in (N)-(P). The dimorphism observed with the antibody is stronger than that observed with the driver, perhaps because the driver expression was examined in aged flies.
Error bars in (D) and (K)-(M) represent SEM.
See also Figure S3 .
included IR52a, IR52b, and IR52c (Rescue c; Figure S4C) ; the second construct, inserted into the same genomic position as the first, contained IR52a, IR52b, and IR52d, but not IR52c (Rescue d; Figure S4C ). The Rescue c construct conferred a restoration of the copulation latency of the double mutant to control levels, significantly different from the double mutant, while the Rescue d provided a weaker degree of rescue that is nonetheless significant ( Figure 7A ). The simplest interpretation of these results is that both IR52c and IR52d play roles in determining male copulation latencies and that the roles of these genes are at least partially redundant. To further examine the requirement of IR52c in sexual behavior, we tested IR52c 1 , a transposon insertion that disrupts
IR52c while leaving the expression of other genes in the IR52 cluster intact ( Figures 4P, S4A , and S4D). We did not expect a strong phenotype in the copulation latency of the IR52c 1 single mutant, since IR52c and IR52d appeared at least partially redundant. Nonetheless, IR52c 1 showed a moderate but significant copulation delay phenotype that could be rescued by Rescue c (Figure 7B ), providing further support for a role for IR52c in male copulation latency. We note that a transposon disrupting IR52e, another gene in the same cluster (see Supplemental Experimental Procedures), caused no copulation delay, suggesting that the effect of disrupting IR52c is not generally applicable to all genes within the cluster ( Figures S4A, S4D, and S4J) .
To further understand the copulation delay phenotype, we examined different aspects of courtship leading to copulation. Consistent with a defect in detecting potential mates, Dcd/Df males were slow to initiate their first unilateral wing extension to produce courtship songs, compared to control males (Figure 7C ). This phenotype is fully restored by the Rescue c (green) with bitter neurons expressing Gr33a-GAL4 (magenta in G) and sugar neurons expressing Gr64f-GAL4 (magenta in H). Scale bar, 10 mm for (G) and (H). See also Figure S3 . construct, suggesting a role for IR52c in courtship behavior. Introduction of Rescue d to Dcd/Df produced an intermediate phenotype that did not differ significantly from either control or Dcd/Df males. Dcd/Df males also showed reductions in the fraction of time spent in wing extension and frequency of licks, i.e., contacts between the male labellum and the female abdomen, relative to controls ( Figures S4E and  S4F) . The Dcd/Df males showed normal consumption and preference for sucrose, indicating that the loss of IR52c and IR52d did not produce a general impairment of taste functions, and the mutant was normal in a test of locomotor function (Figure S4G) . We did not detect with IR52c 1 a significant delay in initiation of wing extension toward the female, nor did it show phenotypes in overall wing extension and lick frequency (Figure 7D ; Figures S4H and S4I ). These results may reflect a partial redundancy of IR52c and its closest paralog, IR52d; the sensitivities of measurements of courtship and copulation may also differ.
IR52c + Neurons Are Activated by Females and Form Putative Synapses with fru + Neurons
The evidence that IR52c and IR52d act in male sexual behavior and their coexpression in sexually dimorphic foreleg taste neurons suggest that these neurons may sense potential mates.
To test this possibility, we used a calcium-sensitive reporter cassette. This reporter cassette allows the targeted expression of a modified nuclear factor of activated T cells (NFAT) in IR52c + cells. When calcium levels rise during neuronal activation, the modified NFAT enters the nucleus and induces GFP expression (Masuyama et al., 2012) . When male flies expressing the modified NFAT in IR52c + cells were exposed to virgin females, we observed GFP expression in a large proportion of the cells ( Figure 7E ). In contrast, solitary males showed only a very small proportion of GFP-expressing cells; most legs showed no GFP expression in these control conditions ( Figure 7E ). We next exposed the male flies to other males and again found little, if any, GFP labeling in IR52c + cells. Next, we asked whether activation of the IR52c + neurons influences courtship behavior by ectopically expressing NaChBac, a bacterial sodium channel that increases the excitability of neurons and depolarizes them (Nitabach et al., 2006) . Compared to controls, males that express NaChBac in IR52c + neurons showed a decreased latency to initiation of wing extension (Figure S4K ). The t 1/2 of wing-extension-the time at which half the males had extended a wing-was less than half that required for each of two control lines ( Figure S4K ). This result suggests that activation of IR52c + neurons promotes courtship.
Having found that IR52c + neurons are activated by females and that activation of these neurons promotes courtship, we asked whether they interact with a neural circuit that governs sexual behavior. First, we examined whether the axonal projections of IR52c + neurons lie in the vicinity of neurons expressing fru, which specifies a neural circuit for sexual behavior. Indeed, we observed that IR52c + axon terminals interdigitate with neurites of fru + neurons in the prothoracic ganglia ( Figure 7F ).
Second, to determine whether there are putative synaptic contacts between IR52c + and fru + neurons, we performed an enhanced version of GFP reconstitution across synaptic partners (GRASP) in which the reconstitution of the native fluorescence of the split GFP protein is restricted to synapses (Fan et al., 2013) . When we expressed the split GFP components in IR52c + and fru + neurons, we observed GRASP signals in the prothoracic ganglia ( Figure 7G ). Amputation of one foreleg of the flies abolished the GRASP signal in one side of the prothoracic ganglia while preserving the signal from the side receiving input from the intact foreleg ( Figure 7H ). These results indicate that sites of putative synapses exist between IR52c + and fru + neurons in the CNS. Although we do not know the K Figure 6 . IR52c + Neurons Are Adjacent to fru + Neurons in Dorsal Sensilla, and Some Members of IR20a Clade, Including IR52c and IR52d, Show Signatures of Adaptive Evolution (A and B) IR52c-GAL4 (magenta, tandem-Tomato, arrow) labels a neuron, which is adjacent to, but distinct from, a neuron labeled by fru-LexA (green, GFP, arrowheads). Scale bar, 5 mm in (A)-(H). (C and D) The anti-IR52c antibody (magenta, arrow) labels a neuron adjacent to, but distinct from, two neurons that are labeled by ppk23-GAL4 (green, GFP, arrowheads).
(E and F) IR52a-LEXA (magenta, tandem-Tomato, arrow) labels a neuron that is distinct from one labeled by ppk25-GAL4 (green, GFP, arrowhead). (G and H) GFP driven by IR52c-GAL4 labels one neuron (G), while a combination of IR52c-GAL4 and ppk25-GAL4 labels two neurons (H), indicating that these two drivers express in different cells (arrowheads in H). Neurons in sensilla 5a of male T5 tarsal segments are shown in ( MKT looks for evidence of natural selection by comparing variation within species to the divergence between species. DoS indicates adaptive evolution when positive (boxed) and purifying selection when negative (Stoletzki and Eyre-Walker, 2011 ). The Lhr and OdsH genes, which are responsible for hybrid incompatibility between D. melanogaster and D. simulans, serve as references for DoS values for adaptive evolution. Data were derived from the popDrowser website (Rà mia et al., 2012) . Data for IR52b and IR60d were not available, and those for seven putative pseudogenes are not included. *p < 0.05; **p < 0.01; ***p < 0.001. See also Movie S1. function of the particular subset of fru + neurons contacting IR52c + neurons, these data open the door for further investigation of the role of IR52c + neurons in sexual behavior at the neural circuit level.
DISCUSSION
A Major Class of Candidate Taste Receptors
The IR20a clade represents a major addition to the repertoire of candidate taste receptors in Drosophila. The clade comprises 35 genes, more than half the size of the Gr family of taste receptor genes. GAL4 drivers representing genes of this clade labeled taste neurons in all known taste organs, including the labellum, legs, pharynx, and wing. Different taste organs express distinct combinations of IR drivers, likely reflecting differences in the functions of these organs. The clade is likely to make wide-ranging contributions to taste function, and its identification opens diverse avenues for exploration of taste coding and behavior. The study described here was initiated with an interest in discovering new receptors that detect chemical signals not sensed by other receptors or that are expressed in orphan taste neurons to which no receptors had previously been mapped. Some of our IR drivers are, in fact, expressed in taste neurons to which no receptors had been mapped, thus ''deorphanizing'' these neurons; we estimate that on the order of one-fourth of orphan taste neurons express drivers of this clade. Among the receptors expressed in orphan taste neurons is IR52c, which shows signatures of adaptive evolution, is sexually dimorphic in its expression, and is required for normal copulation behavior. In addition, we have identified IR drivers that are coexpressed with Gr drivers, suggesting novel ways in which this clade may contribute to the taste code.
IR and Gr Coexpression
We have found that some bitter-sensing neurons express drivers of both IR and Gr genes: IR56a and Gr66a. Likewise, some sugar-sensing neurons coexpress the driver of Gr5a with those of IR56b and IR56d. Thus, the taste specificities of some individual taste neurons are likely to be conferred jointly by members of two entirely different classes of receptors.
If some taste neurons receive signals via two different classes of receptors, how do the neurons integrate the signals? In this light, it will be interesting to test whether IRs and Grs interact within the neuron and, if so, whether such interactions modulate taste responses. Interactions between receptors of different classes have not been documented in chemosensory neurons, but there is ample precedence for such receptor crosstalk in central neurons (Lee et al., 2002) . The multiplicity of IRs and Grs expressed in individual taste neurons expands the potential for combinatorial interactions within, and perhaps between, members of the two families.
Adaptive Evolution within the IR20a Clade Signatures of adaptive evolution among the IR20a clade members could, in principle, reflect evolutionary responses to changes in the environment of D. melanogaster. Such environmental changes could necessitate the detection of new food sources or novel toxins or pathogens.
Alternatively, adaptive evolution may reflect speciation. For example, two genes that show adaptive evolution, Lhr and OdsH, are thought to act in reproductive isolation between the closely related species D. melanogaster and D. simulans (Figure 6K) (Brideau et al., 2006; Ting et al., 1998) . Among chemoreceptor genes, four of the six odor receptors of the Or family that show signatures of adaptive evolution are expressed in antennal trichoid sensilla (Table S2) . Neurons in trichoid sensilla respond to fly odors, some of which are known to function in sexual behavior (Ejima et al., 2007; Rà mia et al., 2012; van der Goes van Naters and Carlson, 2007) . It is interesting that both IR52c and IR52d show adaptive evolution ( Figure 6K) ; these genes are coexpressed in the same foreleg neurons, and we have found evidence that they act in male mating behavior.
These results, taken together, suggest that signatures of adaptive evolution may, in some cases, reflect functions in mate detection or other aspects of sexual behavior. Accordingly, our results suggest how a relatively simple analysis of gene evolution with tools such as the publicly accessible popDrower database (http://popdrowser.uab.cat/fgb2/gbrowse/dgrp/) could be a powerful means of identifying new genes that mediate social interactions, sexual behavior, or speciation (Rà mia et al., 2012) .
Genes, Cells and Circuitry Underlying Chemoreception in Sexual Behavior
The IR52c, d double-mutant males were slow in achieving copulation, a phenotype that may be partially attributed to their delay in initiating unilateral wing extension toward females. As wing extension occurs early during the courtship ritual (Manoli and Baker, 2004) , our results suggest that IR52c and IR52d act in males in the recognition of suitable female mating partners. This notion is supported by the previous finding that contact between the male foreleg and the female abdomen induces wing extension and the generation of courtship song (Kohatsu et al., 2011) .
Our results with the double-and single-mutant males suggest a partial redundancy between IR52c and IR52d. While both the IR52c, d double mutant and IR52c single mutant show delayed copulation, only the double mutants showed a delay in initiating wing extension. Sequence similarity and coexpression in foreleg neurons may allow IR52c and d to serve similar, partially redundant functions, and this may explain why the double-mutant phenotype is stronger than that of the single mutant. It is interesting that reintroduction of wild-type IR52d into the double mutants produced a weak rescue of the copulation delay phenotype and no rescue of the delay in initiating wing extension; this contrasts with the rescue of both phenotypes by reintroducing wildtype IR52c (Figures 7A and 7C) . One possible explanation for this difference between IR52d and IR52c is that the expression level of IR52d is much lower than that of IR52c (qRT-PCR data in Figure S4B ): the extremely low expression level of IR52d may have precluded a strong rescue of the double-mutant phenotypes by the reintroduction of wild-type IR52d. Therefore, despite the sequence similarity between IR52c and IR52d, the large difference in expression levels of the two genes prevents a complete interchangeability between the two genes.
How (Fan et al., 2013) . It is important to note that the observation of putative synaptic contacts between IR52c + and fru + neurons suggests a neural mechanism by which activation of IR52c + neurons influences sexual behavior. While we do not know the identities of these fru + neurons and their precise functions, this observation will serve as a foundation for future studies to further characterize these putative synapses at the functional level.
dsx governs the ontogenesis of a portion of the circuitry underlying male sexual behavior (Rideout et al., 2010; Robinett et al., 2010) ; this portion partially overlaps the circuitry specified by fru. We have found that at least some of the IR52c + neurons may have descended from a cell lineage specified by dsx. These results are consistent with their locations in sexually dimorphic foreleg taste sensilla, which depend on dsx (Mellert et al., 2012) . Our results add a third gene family to two other families expressed in taste neurons, the Gr and ppk families, that have previously been implicated in male sexual behavior (Bray and Amrein, 2003; Fan et al., 2013; Lin et al., 2005; Lu et al., 2012; Miyamoto and Amrein, 2008; Moon et al., 2009; Starostina et al., 2012; Thistle et al., 2012; Toda et al., 2012; Watanabe et al., 2011). ppk25, ppk23, ppk29, Gr39a , and Gr68a positively regulate courtship directed at female flies (but see Ejima and Griffith, 2008, for Gr68a) . The diversity of chemosensory genes acting in courtship stimulation may reflect the large number of putative pheromones in D. melanogaster females (Everaerts et al., 2010; Yew et al., 2009) .
In this context, neither the IR52c,d double mutant nor the ppk23, 29 double mutant, nor the ppk25 mutant, nor the Gr39a mutant showed complete loss of male-female courtship (Lu et al., 2012; Starostina et al., 2012; Thistle et al., 2012; Toda et al., 2012; Watanabe et al., 2011) . The phenotypes may be incomplete due to compensation from other sensory modalities such as vision and olfaction (Krstic et al., 2009) or to partial redundancy among these genes in the taste system. Notably, we have found evidence that IR52c is expressed in distinct cells from ppk23 and ppk25, suggesting that distinct cells on the male foreleg may have partially redundant roles in male sexual . Statistical tests were performed using survival analysis (log-rank test). *p < 0.05; **p < 0.01. (A) Disruption of both IR52c and IR52d in males delays copulation. The double mutant is a transheterozygous combination of Dcd, a 2.5 kb deletion that disrupts only IR52c and IR52d and a 33 kb deficiency removing the entire IR52 cluster ( Figure S4A ). Introducing either genomic fragments with a wild-type copy of IR52c or IR52d rescued the copulation delay ( Figure S4C ). (B) IR52c 1 mutant males showed delayed copulation, which can be rescued with wild-type IR52c.
(C) Dcd/Df showed a delay in courtship initiation, which was rescued by introducing wild-type copy of IR52c, but not IR52d. ns, not significant. (D) IR52c 1 mutant males do not show a significant delay in courtship initiation.
(E) Activation of a calcium-sensitive immediate-early gene cassette (NFAT/CaLEXA) (Masuyama et al., 2012) behavior. Similarly, in the context of male-male interaction, Gr32a + and a subset of ppk23 + neurons share similar function in preventing males from courting other males, consistent with partial redundancy between distinct populations of taste neurons (Fan et al., 2013; Miyamoto and Amrein, 2008; Thistle et al., 2012; Toda et al., 2012) .
EXPERIMENTAL PROCEDURES Transgenic Constructs and Expression Analyses
To maximize the fidelity of the reporters, we flanked GAL4 with both the 5 0 and 3 0 flanking regions of the IR20a genes in most cases (Table S1 ).
Most drivers were inserted into common phiC31 integration sites (Supplemental Experimental Procedures). We analyzed the expression of 120 GAL4 lines, two to ten lines for each gene, using UAS-mCD8-GFP (Lee and Luo, 1999 CaLEXA: NFAT-Based Detection of Neuronal Calcium Signal As detailed in Supplemental Experimental Procedures, a LEXA-NFAT fusion protein was expressed in IR52c + cells to detect neuronal calcium signals, using a construct described elsewhere (Masuyama et al., 2012) .
GRASP
The GRASP experiment was performed as described elsewhere with modifications detailed in the Supplemental Experimental Procedures (Fan et al., 2013) . One component of the split GFP was targeted to the synapse through fusion with neurexin, while the other component was targeted to the plasma membrane through fusion with CD4 (Fan et al., 2013; Gordon and Scott, 2009 ).
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